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ABSTRACT 

Extreme ultraviolet (EUV) spectroscopy was recorded on microwave discharges of 
helium with 2% hydrogen. Novel emission lines were observed with energies of q- 13.6 eV 
where q - 1,2,3,4,6,7,8,9,1 1 or these lines inelastically scattered by helium wherein 21.2 eV 
was absorbed in the excitation of He (Is 2 ) to He (\s x 2p). The average hydrogen atom 

temperature was measured to be 180-210 eV versus ~3eV for pure hydrogen. The electron 
temperature T e for helium-hydrogen was 28,000 K compared to 6800 K for pure helium. 

Known explanations for the novel series of spectral lines and extraordinary broadening were 
ruled out. 
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1. Introduction 

Suitable helium and hydrogen plasma light sources and spectrometers have been 
developed which permit observations in the vacuum ultraviolet (VUV). Developed sources 
that provide a suitable intensity are high voltage glow discharges, synchrotron devices, 
inductively coupled plasma generators, capacitively coupled RF discharges, and magnetically 
confined plasmas [1-4]. The basic spectral emission of pure helium and hydrogen light sources 
have been well known for about a century. The hydrogen spectrum is due to atomic hydrogen, 
molecular hydrogen, and hydrogen molecular ion [5-25]. Lykke et al. have measured the 
threshold for photodetachment of H~ at 6083 cm' 1 [26]. And, recently, sources of H* have 

been developed and the corresponding spectrum has been recorded [27-28]. The helium 
spectrum is due to typically due to He and He* [5-6]. Helium excimers can be formed in 
atmospheric pressure, intense microhollow cathode discharges [29-30]. And, spectra of even 
more exotic possibilities such as He\, and He n have been obtained under special 

circumstances [31-32]. Spectra of helium-hydrogen mixtures may comprise the sum of the 
separate spectra with the additional possibility of emission from helium-hydrogen species. The 
only known additional species in a helium-hydrogen plasmas are HeH + , HeH , HHe^, and 
HHe* n and He n . Except for HeH + 9 the formation of these species requires extremely 

specialized conditions such as extremely low temperatures [31-36]. We recorded EUV spectra 
of helium-hydrogen mixtures maintained in an Evenson cavity at room temperature and low 
pressures. Novel spectral lines in the short wavelength region (5-50 nm) were observed. 
Assignments to known species and contaminants were investigated and ruled out. The 
plasmas were further characterized by Balmer a and J3 line broadening and electron 

temperature measurements. 

2. Experimental 

EUV spectroscopy was recorded on microwave discharge plasmas of hydrogen, 
nitrogen, oxygen, carbon dioxide, helium, neon, argon, krypton, xenon, or 2% hydrogen mixed 
with each of these gases according to the methods given previously [37-38]. Each ultrapure 
gas alone or mixture was flowed through a half inch diameter quartz tube at 20 torr or 1 torr. 
The gas pressure to the cell was maintained by flowing the mixture while monitoring the 
pressure with a 10 torr and 1000 torr MKS Baratron absolute pressure gauge. The tube was 
fitted with an Opthos coaxial microwave cavity (Evenson cavity). The microwave generator 
was an Opthos model MPG-4M generator (Frequency: 2450 MHz). The input power to the 
plasma was set at 85 watts with forced air cooling of the cell. The spectrometer was a normal 



incidence McPherson 0.2 meter monochromator (Model 302, Seya-Namioka type) equipped 
with a 1200 lines/mm holographic grating with a platinum coating. The wavelength region 
covered by the monochromator was 2 - 560 nm . The EUV spectrum was recorded with a 
channel electron multiplier (CEM) at 2500-3000 V . The wavelength resolution was about 
0.02 nm (FWHM) with an entrance and exit slit width of 50 /zm. The increment was 0.2 nm 
and the dwell time was SOO.rns Novel peak positions were based on a calibration against the 
known He I and He II lines. 

To achieve higher sensitivity at the shorter EUV wavelengths, the light emission from 
plasmas of helium alone, neon-hydrogen (98/2%), and argon-hydrogen (98/2%) were recorded 
with a McPherson 4° grazing incidence EUV spectrometer (Model 248/3 10G) equipped with a 
grating having 600 G/mm with a radius of curvature of = 1 m . The angle of incidence was 87°. 
The wavelength region covered by the monochromator was 5 - 65 nm . The wavelength 
resolution was about 0.04 nm (FWHM) with an entrance and exit slit width of 300 fjm. A 
channel electron multiplier (CEM) at 2400 V was used to detect the EUV light. The 
increment was 0. 1 nm and the dwell time was 1 s . 

The widths of the 656.3 nm Balmer a and 486.1 nm Balmer J3 lines emitted from 
hydrogen or helium-hydrogen mixture (90/10)% microwave discharge plasmas were measured. 
The total pressure was 1 torr, and the input power to the plasma was set at 40 W. The plasma 
emission was fiber-optically coupled through a 220F matching fiber adapter positioned 2 cm 
from' the cell wall to a high resolution visible spectrometer with a resolution of ±0.006 nm 
over the spectral range 190-860 nm . The spectrometer was a Jobin Yvon Horiba 1250 M with 
2400 groves/mm ion-etched holographic diffraction grating. The entrance and exit slits were 
set to 20 fim. The spectrometer was scanned between 485.9-486.4 nm and 655.5 -657 nm 
using a 0.005 nm step size. The signal was recorded by a PMT with a stand alone high 
voltage power supply (950 V) and ah acquisition controller. The data was obtained in a single 
accumulation with a 1 second integration time. 

T e was measured on microwave plasmas of helium alone and helium-hydrogen 

mixtures (90/10%) from the ratio of the intensity of the He 501.6 nm (upper quantum level 
n=3) line to that of the He 492.2 nm (n=4) line as described by Griem [39]. In each case, the 
total pressure was 0.1 torr. The visible spectrum (400- 560 nm) was recorded with the 
normal incidence EUV spectrometer with a photomultiplier tube (PMT) and a sodium 
salicylate scintillator. The PMT (Model R1527P, Hamamatsu) used has a spectral response in 
the range of 1 85 - 680 nm with a peak efficiency at about 400 nm . The scan interval was 
0.4 nm . The inlet and outlet slit were 300 jjm with a corresponding wavelength resolution of 
2 nm. The spectra were repeated five times per experiment and were found to be reproducible 
within less than 5%. 



The electron density was determined using a Langmuir probe according to the method 

3. Results and discussion 

A. EUV Spectroscopy 

In the case of the EUV spectra of controls krypton, krypton-hydrogen (98/2%) mixture, 
xenon, xenon-hydrogen (98/2%) mixture, and hydrogen alone no peaks were observed below 
77 nm , and no spurious peaks or artifacts due to the grating or the spectrometer were observed 
as shown for the spectrum of hydrogen alone in Figure 1 . Only known He I and He II peaks 
were observed in the EUV spectrum of the control helium microwave discharge cell emission 
as shown in Figure 2. 

The EUV spectra (17.5- 50 nm) of the microwave cell emission of the helium- 
hydrogen mixture (98/2%) (top curve) and the helium control (bottom curve) are shown in 
Figure 2. Ordinary hydrogen has no emission in these regions. Novel peaks were observed at 
45.6 nm y 37 A nm 9 and 20.5 nm which do not correspond to helium. The peaks were very 
reproducible as shown in Figure 3. 

The effect of decreasing the pressure from 20 torr to 1 torr was studied. At the 1 Ton- 
condition, additional novel peaks were observed in the short wavelength region (5 - 65 nm ) at 
14.15 nm , 13.03 nm , 10.13 nm , and 8.29 nm which do not correspond to helium as shown in 
Figure 4. Known He I lines which were used for calibration of the novel peak positions were 
observed at 58.4 nm, 53.7 nm, and 52.4 nm. It is proposed that the 30.4 nm peak shown in 
Figures 2-4 was not entirely due to the He II transition. In the case of the helium-hydrogen 
mixture, the ratio of 30.4 nm (40.8 eV) peak to the 25.6 nm (48.3 eV) peak was 10 compared 
to 5.4 for helium alone as shown in Figure 2 which implies only a minor He II transition 
contribution to the 30.4 nm peak. 

It is also proposed that the majority of the 91.2 nm peak not due to H* recombination. 
At 20 Torr, the ratio of the Lyman /? peak to the 91.2 nm peak of the helium-hydrogen plasma 
was 2 compared to 8 for each control hydrogen and xenon-hydrogen plasma which indicates 
that the majority of the 91.2 nm peak was due to a transition other than the binding of an 
electron by a proton. 

All known possibilities for the series of novel lines were considered. Spectra of species 
present in helium hydrogen mixtures and possible impurities were evaluated. The only known 
species in a helium-hydrogen plasmas are Z/ 2 + , Hf, H~ 9 H, H 29 He 2 , HeH + , and 
remotely possibly HeH . Other exotic possibilities such as He\ , HHe^ , HHe* and He n were 
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eliminated due to the extremely specialized conditions required for their formation such as 
extremely low temperatures that were unlike those in the helium-hydrogen microwave plasmas 
[31-32]. The impurities considered were nitrogen, oxygen, carbon dioxide, and water vapor 
from air, noble gas contaminants, silicon from the quartz tube, and contaminants from the 
vacuum system. 

Regarding hydrogen species as a candidate of the series of novel lines, hydrogen alone 
has no known emission in this region (< 77 nm) [5-25] as shown in Figure 1. This is a 
consequent of the binding energies of H, H 2 , and H 2 being less than 16.3 eV [41-42], and the 
binding energy of H~ being only 0.75 eV [26]. The reaction to form is exothermic [43] 

H* + H 2 ->Hl +// + 1.7 eV (1) 
From Eq. (1), the binding energy of can not be more than 22.43 eV, the sum of the binding 
energy of H 2y 16.25 eV (given by the sum of the bond energy of H 2 , 2.651 eV [42], and the 
binding energy of H, 13.59844 eV [41]), the bond energy of H 2 , 4.478 eV [42], and 1.7 eV. 

The corresponding emission is 55.3 nm which is outside of the region of the novel series 
observed in the region < 50 nm. Furthermore, // 3 + possesses no excited electronic states, and 
consequently has no observable emission in the ultraviolet or visible regions [27]. can 
only be observed spectroscopically via vibration-rotational transitions which are in the infrared 
[27-28]. 

He 2 emission is limited to the spectral region > 58.4 nm; thus, it was eliminated [29]. 
HeH* was eliminated since excited states of this ion were predicted to be unstable or only 
weakly bonding [33]. HeH emission was eliminated as the source of the series of novel peaks 
due to the extraordinarily low probability that HeH would form under the conditions of the 
helium-hydrogen microwave discharge. The existence of "bound" excited states of HeH has 
been shown by emission spectroscopy of HeH molecules produced by two ways: (1) by 
reactions of He and H 2 \ and (2) in charge exchange collisions between HeH + and alkali 
vapors [34-35]. Conditions for either of these types of reactions were not present in the 
helium-hydrogen microwave plasmas. In addition, the known emission spectrum of HeH was 
not observed. In particular, HeH has broad emission peaks in the regions of 160-180 nm [36] 
and 200-400 nm [35] that were not observed in the helium-hydrogen plasmas, nor has the 
series of novel peaks been recorded on HeH emission. In addition, the novel series does not 
match the theoretical spectrum of attractive excited states that decay to a repulsive ground 
state. The theoretical emission of excited states belong to a Rydberg series that converges to 
the electronic ground state of the HeH* ion [34-35], 

Air contaminants were also eliminated. Plasmas of nitrogen, oxygen, carbon dioxide, 
or these gases with 2% hydrogen showed no emission in the region < 50 nm as shown in 
Figure 5 for hydrogen mixed with nitrogen, oxygen, and carbon dioxide. In addition, water 
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vapor present in the oxygen-hydrogen plasma showed no emission in this region. Nitrogen 

^as^ p^s^ 

plasma at 1 13.45 nm and 1 19.96 nm were 500,000 photons/s; whereas, these peaks were absent 
from the helium-hydrogen emission recorded with the same sensitivity. The spectrum of 
nitrogen matched that given in the literature [44] and NIST tables [5]. Similarly oxygen, 
carbon dioxide, and water vapor (oxygen-hydrogen mixture) were eliminated since O I peaks 
were observed from each plasma with intensities > 100,000 photons/s; whereas, these peaks 
were absent from the helium-hydrogen emission recorded with the same sensitivity. The peaks 
that were absent from the helium-hydrogen microwave plasma, but were observed as intense 
peaks from the oxygen, carbon dioxide, and water vapor microwave plasmas were the O II 
peak at 83.45 nm and O I peaks at 87.79 nm, 93.5 nm, 99.1 nm, 103.92 nm, 104.09 nm, and 
115.21 nm. 

Emission of argon, krypton, and xenon as helium contaminants were eliminated. No 
emission was observed in the region <50 nm for xenon, xenon-hydrogen, krypton, and 
krypton-hydrogen as shown in Figure 6 for krypton or xenon mixed with hydrogen. In the case 
of the argon-hydrogen plasma, only known Ar II and III lines were observed at shorter 
wavelengths as shown in Figure 7. More significantly, the Ar I lines at 93.2 nm, 104.82 nm, 
and 106.66 nm have an intensities that are about three orders of magnitude that of the Ar II 
lines at 48.72 nm, 54.76, and 55.68 nm as observed in the argon control and from NIST tables 
[5], This and other lines of argon in the region 50 - 560 nm were not observed. 

Neon has peaks at 45.635 nm and 45.527 nm. To eliminate the possibility that the 
45.6 nm peak shown in Figures 2-4 was due to the presence of neon as an impurity, the EUV 
spectra (25-50wm) of the helium-hydrogen mixture (98/2%) (top curve) and control neon- 
hydrogen mixture (98/2%) (bottom curve) microwave discharge cell emission were recorded 
with a normal incidence EUV spectrometer and a CEM as shown in Figure 8. The novel lines 
were not observed in the neon-hydrogen control, and a series of Ne II lines were observed only 
in *the control. The neon peaks at 45.635 nm and 45.527 nm were resolved in Figure 8; 
whereas, the 45.6 nm peak in the helium-hydrogen plasma was about 3 nm broad. Thus, it 
was not due to neon impurity. More significantly, the Ne I line at 73.58 nm has an intensity 
that is about three orders of magnitude that of the Ne II line at 45.635 nm and 45.527 nm as 
observed in the neon control and from NIST tables [5]. This and other lines of neon in the 
region 50 - 560 nm were not observed. 

Silicon from the quartz tube wall was eliminated since emission due to Si I, Si II, or Si 
III is not possible below 56 nm based on the NIST tables [5]. Emission from silicon was also 
eliminated since no silicon lines were observed in any spectrum in the 5-560 nm region. Using 
the same quartz tube run under identical conditions, no emission was observed in the region of 
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the novel series (< 50 nm) in the case of the controls microwave discharge plasmas of 
hydrogen, nitrogen, oxygen, carbon dioxide, helium, krypton, xenon, or 2% hydrogen mixed 
with each of these gases. 

Pump contaminants were eliminated. In order for pump contaminates to enter the 
region of the plasma, they must migrate against the pressure gradient of the differential 
pumping, < 10~ 5 torr compared to 1 torn This is highly unlikely. Furthermore, a turbo pump 
was used which does not have pump oil, and no impurities attributed to pumps were observed 
in any control spectrum in the 5-560 nm region. 

The elimination of known explanations indicate a new result. Since the novel peaks 
were only observed with helium and hydrogen present, new hydrogen, helium, or helium- 
hydrogen species are possibilities. It is well known that empirically the excited energy states 
of atomic hydrogen are given by Rydberg equation (Eq. (2a) for n > 1 in Eq. (2b)). 
f e ' 13-598 

E n = -^— — = - 2 (2a) 

#i = 1,2,3,... (2b) 
The n-\ state is the "ground" state for "pure" photon transitions (i.e. the n-\ state can 
absorb a photon and go to an excited electronic state, but it cannot release a photon and go to a 
lower-energy electronic state). However, an electron transition from the ground state to a 
lower-energy state may be possible by a resonant nonradiative energy transfer such- as 
multipole coupling or a resonant collision mechanism. Processes such as hydrogen molecular 
bond formation that occur without photons and that require collisions are common [45]. Also, 
some commercial phosphors are based on resonant nonradiative energy transfer involving 
multipole coupling [46]. 

We propose that atomic hydrogen may undergo a catalytic reaction with certain atoms 
and ions such as He which singly or multiply ionize at integer multiples of the potential 
energy of atomic hydrogen, m ll.leV wherein m is an integer. The theory was given 
previously [47]. The reaction involves a nonradiative energy transfer to form a hydrogen atom 
that is lower in energy than unreacted atomic hydrogen that corresponds to a fractional 

principal quantum number. That is 

1111.. 
/!=---..,-; p is an integer (2c) 
2 3 4 p 

replaces the well known parameter n - integer in the Rydberg equation for hydrogen excited 

states. The n - 1 state of hydrogen and the n states of hydrogen are nonradiative, 

integer 

but a transition between two nonradiative states is possible via a nonradiative energy transfer, 
say n = 1 to n = 1 / 2 . Thus, a catalyst provides a net positive enthalpy of reaction of 
m-llleV (i.e. it resonantly accepts the nonradiative energy transfer from hydrogen atoms 
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and releases the energy to the surroundings to affect electronic transitions to fractional 

.quaratu^ 

atom becomes unstable and emits further energy until it achieves a lower-energy nonradiative 
state having a principal energy level given by Eqs. (2a) and (2c). 

The novel peaks fit two empirical relationships. In order of energy, the set comprising 
the peaks at 91.2 nm, 45.6 nm, 30.4 nm, 13.03 nm, 10.13 nm, and 8.29 nm correspond to 
energies of q\3.6eV where q = 1,2,3,7,9,1 1. In order of energy, the set comprising the 
peaks at 37.4 nm, 20.5 nm , and 14.15 nm correspond to energies of q * 13.6-21.21 eV where 
q- 4,6,8. These lines can be explained as electronic transitions to fractional Rydberg states 
of atomic hydrogen given by Eqs. (2a) and (2c) wherein the catalytic system involves helium 
ions because the second ionization energy of helium is 54.417 eV , which is equivalent to 
2 212eV. In this case, 54.417 eV is transferred nonradiatively from atomic hydrogen to 
He which is resonantly ionized. The electron decays to the n = l/3 state with the further 
release of 54.417 eV which may be emitted as a photon. The catalysis reaction is 

54.41 7 eV + He + H[a H ]-> He 2 * + e~ + ^fj + 108.8 eV (3) 

He 2 * +e~ ~^He + 54.417 eV (4) 
And, the overall reaction is 

H[a H ]-> //j^- j+ 54.4 eV+ 54.4 eV (5) 

Since the products of the catalysis reaction have binding energies of m-27.2 eV , they may 

_ c , , . .. 1111 

further serve as catalysts. Thus, further catalytic transitions may occur: /? = -->-, — — > - } 

and so on. 

Electronic transitions to Rydberg states given by Eqs. (2a) and (2c) catalyzed by the 
resonant nonradiative transfer of m -27.2 eV would give rise to a series of emission lines of 
energies q 13. 6 eV where q is an integer. It is further proposed that the photons that arise 
from hydrogen transitions may undergo inelastic helium scattering. That is, the catalytic 
reaction 

H \?h\— ^^"f ] + 54 A eV + 54A eV < 6 ) 

yields 54.4 eV by Eq. (4) and a photon of 54.4 eV (22.8 nm ). Once emitted, the photon may 
be absorbed or scattered. When this photon strikes He (h 2 ) , 21.2 eV may be absorbed in the 
excitation to He (ls } 2p). This leaves a 33.19 eV (37 .4 nm) photon peak and a 21.2 eV 
(58.4 nm) photon from He (ls l 2p). Thus, for helium the inelastic scattered peak of 54.4 eV 
photons from Eq. (3) is given by 

£=54.4eF-21.21eK = 33.19 eV (37.4 nm) (7) 
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A novel peak shown in Figures 2-4 was observed at 37.4 nm. Furthermore, the intensity of the 
58.4 nm peak corresponding to the spectra shown in Figure 4 was about 60,000 photons/sec. 
Thus, the transition He (\s 2 )^> He (\s ] 2p) dominated the inelastic scattering of EUV peaks. 
The general reaction is 

photon (hv)+He(\s 2 )-*He (\s2p) + photon (Av-21.21 eV) (8) 
The two empirical series may be combined — one directly from Eqs. (2a, 2c) and the 
other indirectly with Eq. (8). The energies for the novel lines in order of energy are 13.6 eV y 
27.2 eV, 40.8 eV , 54.4 eV , 81.6 eV, 95.2 eF, 108.8 eV 9 122.4 eV and 149.6 eV . The 
corresponding peaks are 91.2 nm, 45.6 nm, 30.4 nm, YIAnm, 20.5 nm , 13.03 nm, 
14 : 1 5 nm , 10. 1 3 nm , and 8.29 nm , respectively. Thus, the identified novel lines correspond to 
energies of q\3.6eV where q = 1,2,3,4,6,7,8,9,1 1 or these lines inelastically scattered by 
helium atoms wherein 21.2 eV was absorbed in the excitation of He (Is 2 ) to He(ls l 2p l ). 
The values of q observed are consistent with those excepted based on Eq. (5) and the 
subsequent autocatalyzed reactions as discussed previously [48]. The broad satellite peak at 
44.2 nm show in Figure 2-4 is consistent with the reaction mechanism of a nonradiative 
transfer to a catalyst followed by emission. There is remarkable agreement between the data 
and the proposed transitions to fractional Rydberg states and these lines inelastically scattered 
by helium according to Eq. (8). All other peaks could be assigned to He I, He II, second order 
lines, or atomic or molecular hydrogen emission. No known lines of helium or hydrogen 
explain the q * 13.6 eV related set of peaks. 

B. Line broadening and T e measurements 

The Doppler-broadened line shape for atomic hydrogen has been studied on many 
sources such as hollow cathode [49-50] and rf [5 1-52] discharges. The method of Videnovic et 
al. [49] was used to calculate the energetic hydrogen atom densities and energies from the 
widths of the 656.3 nm Balmer a and 486.1 nm Balmer fi lines emitted from hydrogen or 
helium-hydrogen mixture (90/10)% microwave discharge plasmas. Gigosos et al. [53] have 
published a literature review of this method. The 486.1 nm Balmer J3 line widths recorded on 
a helium-hydrogen (90/10%) and a hydrogen microwave discharge plasma are shown in Figure 
9. The average helium-hydrogen Doppler half-width of 0.52 ± 5% nm was not appreciably 
changed with pressure. The corresponding energy of 1 80 - 2 10 eV and the number densities of 
5 XW* ±20% atoms I cm , depending on the pressure, were significant compared to only 
~ 3 eV and 7 ^10 13 atoms/ cm* for pure hydrogen, even though 10 times more hydrogen was 
present. Only ~ 3 eV broadening was observed with xenon-hydrogen (90/10%) ruling out 
collisional broadening. Furthermore, only the hydrogen lines were broadened. The addition of 
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hydrogen to helium had no effect on the helium lines as shown for the 667.816 run He I line in 
Figure 10. 

Similarly, the average electron temperature for helium-hydrogen plasma was 
28, 000 ±5% K. Whereas, the corresponding temperature of helium alone was only 
6800 ±5% K y and hydrogen alone was 5500 ± 5% K. No high electric field was present in 
our experiments. 

We have assumed that Doppler broadening due to thermal motion was the dominant 
source to the extent that other sources may be neglected. This assumption was confirmed 
when each source was considered. In general, the experimental profile is a convolution of two 
Doppler profiles, an instrumental profile, the natural (lifetime) profile, Stark profiles, Van der 
Waals profiles, a resonance profile, and fine structure. The contribution from each source was 
determined to be below the limit of detection [54-55]. 

Furthermore, no hydrogen species, // + , H*, Hf y H~ 9 H, or H 29 responds to the 

microwave field; rather, only the electrons respond. But, the measured electron temperature 
was about 1 eV; whereas, the measured H temperature was 180-210 eV . This requires that 
t h »> T e * T his result can not be explained by electron or external Stark broadening or 

electric field acceleration of charged species. The electron density was five orders of 
magnitude too low [54-55]. And, in microwave driven plasmas, there is no high electric field 
in a cathode fall region (> 1 kV/cm) to accelerate positive ions as proposed previously [49-52] 
to explain significant broadening in hydrogen containing plasmas driven at a high voltage 
electrodes. It is impossible for H or any //-containing ion which may give rise to H to have 
a higher temperature than the electrons in a microwave plasma. The observation of excessive 
Balmer line broadening in a microwave driven plasma requires a source of energy other than 
that provided by the electric field. We propose that the source is the hydrogen catalysis 
reaction given by Eqs. (3-5) followed by subsequent reactions to further lower energy states 
given by Eqs. (2a, 2c). 

4. Conclusion 

We report that extreme ultraviolet (EUV) spectroscopy was recorded on microwave 
discharges of helium with 2% hydrogen. Novel emission lines were observed with energies of 
^13.6 eV where q = 1,2,3,4,6,7,8,9,1 1 or these lines inelastically scattered by helium atoms 
wherein 21.2 eV was absorbed in the excitation of He (Is 2 ) to He{\s*2p). The authors 
could find no conventional explanation for the novel series of peaks and are open to 
suggestions. These lines matched transitions to fractional Rydberg states of atomic hydrogen 
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( w =~ = integer rep ' aces ^ e we " * cnown parameter n - integer in the Rydberg equation for 

hydrogen excited states). An extremely high hydrogen-atom temperature of 180-210 eV was 
observed with the presence of helium ion catalyst only with hydrogen present. Similarly, the 
average electron temperature for helium-hydrogen plasma was high, 28,000 K, compared to 
6800 K for helium alone. 

The novel emission lines and extraordinarily elevated temperatures may be explained 
by a highly energetic catalytic reaction involving a resonant nonradiative energy transfer of 
m -27.2 eV from atomic hydrogen to a catalyst wherein m is an integer. One such atomic 
catalytic system involves helium ions. The second ionization energy of helium is 54.4 eV\ 
thus, the ionization reaction of He to He* has a net enthalpy of reaction of 54.4 eV which is 
equivalent to 2 • 27.2 eV . Since the products of the catalysis reaction have binding energies of 
m * 27.2 eV, they may further serve as catalysts. 

Acknowledgment 

Special thanks to Y. Lu and T. Onuma for recording some spectra. 
References 

l v J. A. R. Sampson, Techniques of Vacuum Ultraviolet Spectroscopy, Pied Publications, 
Lincoln, NE, (1980), pp. 94-179. 

2. D. Barton, J. W. Bradley, D. A. Steele, and R. D. Short, "investigating radio frequency 
plasmas used for the modification of polymer surfaces," J. Phys. Chem. B, Vol. 103, 
(1999), pp. 4423-4430. 

3. S. Djurovic, J. R. Roberts, "Hydrogen Balmer alpha line shapes for hydrogen-argon 
mixtures in low-pressure rf discharge", J. Appl. Phys. Vol. 74, No. 11, (1993), pp. 6558- 
6565. 

4. Science News, 12/6/97, p. 366. 

5. NIST Atomic Spectra Database, www.physics.nist.gov/cgi-bin/AtData/display.ksh. 

6. R. Kelly, Journal of Physical and Chemical Reference Data. "Atomic and Ionic Spectrum 

Lines below 2000 Angstroms: Hydrogen through Krypton", Part I (H-Cr), Volume 16, 
(1987), Supplement No. 1, Published by the American Chemical Society and the American 

Institute of Physics for the National Bureau of Standards, pp. 418-422. 

7. H. Abgrall, E. Roueff, F. Launay, J Roncin, "The B l ] V U -> X 1 l L+ and D X T\ U -> X 1 ] V g 

band system of molecular hydrogen", Can. J. Phys., Vol. 72, (1994), pp. 856-865. 

11 



8. J. Y. Roncin, F. Launay, M. Larzilliere, "High resolution emission of H 2 between 78 and 

1 18 nm", Can. J. Phys., Vol. 62, (1984), pp. 1686-1705. 

9. H. M. Crosswhite, Editor, "The Hydrogen Molecule Wavelength Tables of Gerard Heinrich 

Dieke", Wiley-Interscience, New York, (1972). 

10. J. Y. Roncin, F. Launay, "Vacuum Ultraviolet Emission Spectrum of Molecular 
Hydrogen", J. Phys. Chem. Ref. Data, Monograph 4. 

1 1 . E. Reinhold, W. Hogervorst, W. Ubachs, "High resolution laser spectroscopy of at 86-90 
nm", Journal of Molecular Spectroscopy, Vol. 180, (1996), pp. 156-163. 

12. D. M. Bishop, S. K. Shih, C. L. Beckel, F. M. Wu, J. M. Peek, "Theoretical study of H 2 
spectroscopic properties. IV. adiabatic effects for the 2pn u and 3da g electronic states", J. 

Chem. Phys., (1975), Vol. 63, p. 4836. 

13. J. M. Peek, "On the 2 and 2 L* states of the hydrogen molecule ion", Sandia Laboratory, 

Albuquerque, NM, (1965), p. 49. 

14. 0. W. Richardson, "Molecular hydrogen and its spectrum", Yale University Press: New 
Haven, (1934), p. 343. 

15. E. W. Foster, O. Richardson, The fine structure of the 4<i 3 Z, 3 I1 C ^, 3 A rf -> 2p*Tl cd 
transitions of the H 2 spectrum", Proc. R. Soc. London A, (1953), Vol. 217, p, 433. 

16. P. Gloersen, G. H. Dieke, "Molecular spectra of hydrogen and helium in the infrared", J. 
Mol. Spectrosc, (1965), Vol. 16, p. 191. 

17. S. Takezawa, "Absorption spectrum of H 2 in the vacuum-UV region. I. Rydberg states and 

ionization energies", J. Chem. Phys., Vol. 52, (1970), p. 2575. 

18. T. Namioka, "Absorption spectra of H 2 in the vacuum ultraviolet region. II. The 
B -JT, B'-X, D-X, andD'-X bands", J. Chem. Phys., Vol. 41, (1964), p. 141. 

19. O. W. Richardson, "The Band systems ending on the lsa2sa l Z g ^H g ) state of H 2 . Part I", 

Proc. R. Soc. London A., Vol. 160, (1937), pp. 487-507. 

20. T. Namioka, "Absorption spectra of H 2 in the vacuum-ultraviolet region. ELL Potential- 
: energy curves for the B 1 ^ C l Yl y9 and D l T\ u states", J. Chem. Phys., Vol. 43, 

(1965), p. 1636. 

21. G. H. Dieke, "The 2sZ^2plL bands of the hydrogen molecule", Phys. Rev., Vol. 50, 
(1936), p. 797. 

22. G. H. Dieke, "Bands of H 2 ending on the 2p l Tl level", Phys. Rev., Vol. 54, (1938), p. 439. 

23. T. Namioka, "Absorption spectra of H 2 in the vacuum-ultraviolet Region. I. The Lyman 
and the Werner bands", J. Chem. Phys., Vol. 40, (1964), p. 3154. 

24. G. Herzberg, L. L. Howe, "The Lyman bands of molecular hydrogen", Can. J. Phys., Vol. 
37,(1959), pp. 636-659. 

25. P. G. Wilkinson, "The Electronic isotope shift in the Lyman Bands of H 2 , HD, and D 2 "; 



12 



Can. J. Phys., Vol. 46, (1968), p. 1225. 

26. K. R. Lykke, K. K. Murray, W. C. Lineberger, "Threshold photodetachment of H~", Phys. 
Rev. A, Vol. 43, No. 1 1 , ( 1 99 1 ), pp. 6 1 04-6 1 07. 

27. B. McCall, "Laboratory and Observational Spectroscopy of // 3 + ", 

http://fermi.uchicago.edii/-bjmccall/prospectus/paper.htm!. 

28. C. M. Lindsay, B. J. McCall, "Comprehensive evaluation and compilation of // 3 + 

spectroscopy", Journal of Molecular Spectroscopy, Vol. 210, (2001), pp. 60-83. 

29. Y. Tanaka, A. S. Jursa, F. J. LeBlanc, "Continuous emission spectra of rare gases in the 
vacuum ultraviolet region. II. neon and helium", Journal of the Optical Society of America, 
Vol. 48, No. 5, (1958), pp. 304-308. 

30. P. Kurunczi, H. Shah, and K. Becker, "Excimer formation in high-pressure microhollow 
cathode discharge plasmas in helium initiated by low-energy electron collisions", 
International Journal of Mass Spectroscopy, Vol. 205, (2001), pp. 277-283. 

31.1. Baccarelli, F. A. Gianturco, F. Schneider, "Stability and Fragmentation of protonated 
helium dimers from ad initio calculations of their potential energy surfaces", J. Phys. 
... Chem. A, Vol. 101, (1997), pp. 6054-6062. 
r32. J. Higgins, C. Callegari, J. Reho, F. Stienkemeier, W. E. Ernst, M. Gutowski, G. Scoles, 
"Helium cluster isolation spectroscopy of alkali dimers in the triplet manifold", J. Phys. 
Chem. A, Vol. 102, (1998), pp. 4952-4965. 
-33. W. Ketterle, H. Figger, H. Walther, "Emission spectra of bound helium hydride", Physical 
, Review Letters, Vol. 55, No. 27, (1985), pp. 2941-2943. 

34. W. J. van der Zande, W. Koot, D. P. de Bruijn, C. Kubach, "Dissociative charge exchange 
of HeH + : an experimental study of the HeH molecule", Physical Review Letters, Vol. 57, 
No. 10, (1986), pp. 1219-1222. 

35. T. Moller, M. Beland, G. Zimmerer, "Observation of Fluorescence of the HeH molecule", 
Physical Review Letters, Vol. 55, No. 20, (1985), pp. 2145-2148. 

36. D. W. Tokaryk, R. L. Brooks, J. L. Hunt, "Vacuum-ultraviolet continuum emission of 
HeH", Physical review A, Vol. 40, No. 10, (1989), pp. 6113-6116. 

37. R. L. Mills, P. Ray, B. Dhandapani, M. Nansteel, X. Chen, J. He, "Spectroscopic 
Identification of Transitions of Fractional Rydberg States of Atomic Hydrogen", J. of 
Quantitative Spectroscopy and Radiative Transfer, in press. 

38. R. L. Mills, P. Ray, B. Dhandapani, M. Nansteel, X. Chen, J. He, "New Power Source from 
Fractional Quantum Energy Levels of Atomic Hydrogen that Surpasses Internal 
Combustion", J Mol. Struct., in press. 

39. H. R. Griem, Principles of Plasma Spectroscopy, Cambridge University Press, (1987). 

40. D. Barton, J. W. Bradley, D. A. Steele, and R. D. Short, "Investigating radio frequency 



13 



plasmas used for the modification of polymer surfaces, " J. Phys. Chem. B, Vol. 103, 
(1999), pp. 4423-4430. 

41. D. R. Linde, CRC Handbook of Chemistry and Physics, 79 th Edition, CRC Press, Boca 
Raton, Florida, (1998-1999), 10-175, 10-181. 

42. P. W. Atkins, Physical Chemistry^ Second Edition, W. H. Freeman, San Francisco, (1982), 
p. 589. 

43. J. Tennyson, Physics World, July, (1995), pp. 33-36. 

44. J. Y. Roncin, J. L. Subtil, F. Launay, "The high-resolution vacuum ultraviolet emission 
spectrum of molecular nitrogen from 82.6 to 124.2 nm: level energies of 10 excited singlet 
electronic states", Journal of Molecular Spectroscopy, Vol. 188, (1998), pp. 128-137. 

45. N. V. Sidgwick, The Chemical Elements and Their Compounds, Volume I, Oxford, 
Clarendon Press, (1950), p. 17. 

46. M. D. Lamb, Luminescence Spectroscopy, Academic Press, London, (1978), p. 68. 

47. R. Mills, J. Dong, Y. Lu, "Observation of Extreme Ultraviolet Hydrogen Emission from 
Incandescently Heated Hydrogen Gas with Certain Catalysts", Int. J. Hydrogen Energy, 
Vol. 25, (2000), pp. 919-943. 

48. R. Mills, P. Ray, "Spectral Emission of Fractional Quantum Energy Levels of Atomic 
Hydrogen from a Helium-Hydrogen Plasma and the Implications for Dark Matter", Int. J. 
Hydrogen Energy, Vol. 27, No. 3, pp. 301-322. 

49. I. R. Videnovic, N. Konjevic, M. M. Kuraica, "Spectroscopic investigations of a cathode 
fall region of the Grimm-type glow discharge", Spectrochimica Acta, Part B, Vol. 51, 
(1996), pp. 1707-1731. 

50. S. Alexiou, E. Leboucher-Dalimier, "Hydrogen Balmer- a in dense plasmas", Phys, Rev. 
E, Vol. 60, No. 3, (1999), pp. 3436-3438. 

51. S. Djurovic, J. R. Roberts, "Hydrogen Balmer alpha line shapes for hydrogen -argon 
mixtures in a low-pressure rf discharge", J. Appl. Phys., Vol. 74, No. 11, (1993), pp. 6558- 
6565. 

52. S. B. Radovanov, K. Dzierzega, J. R. Roberts, J. K. Olthoff, Time-resolved Balmer-alpha 
emission from fast hydrogen atoms in low pressure, radio-frequency discharges in 
hydrogen", Appl. Phys. Lett., Vol. 66, No. 20, (1995), pp. 2637-2639. 

53. M. A. Gigosos, V. Cardenoso, "New plasma diagnosis tables of hydrogen Stark broadening 
including ion dynamics", J. Phys. B: At. Mol. Opt. Phys., Vol. 29, (1996), pp. 4795-4838. 

54. R. L. Mills, P. Ray, "Substantial Changes in the Characteristics of a Microwave Plasma 
Due to Combining Argon and Hydrogen", New Journal of Physics, www.njp.org, Vol. 4, 
(2002), pp. 22.1-22.17. 

55. R. L. Mills, P. Ray, B. Dhandapani, J. He, "Comparison of Excessive Balmer a Line 



14 



Broadening of Glow Discharge and Microwave Hydrogen Plasmas with Certain Catalysts 
J. of Applied Physics, submitted. 



15 



Figure Captions 

Figure 1. The EUV spectrum (20-125 nm) of the control hydrogen microwave 
discharge cell emission that was recorded with a normal incidence EUV spectrometer and a 
CEM. No emission was observed below < 77 nm. 

Figure 2. The EUV spectra (17.5-50 nm) of the microwave cell emission of the 
helium-hydrogen mixture (98/2%) (top curve) recorded at 20 Torr with a normal incidence 
EUV spectrometer and a CEM, and control helium (bottom curve) recorded at 20 Torr with a 
4° grazing incidence EUV spectrometer and a CEM. Only known He I and He II peaks were 
observed with the helium control. Reproducible novel emission lines were observed at 
45.6 nm and 30.4 nm with energies of q\3.6eV where q = 2 or 3 (Eqs. (2a, 2c)) and at 
37.4 nm and 20.5 nm with energies of q\3.6eV where q- 4 or 6 that were inelastically 
scattered by helium atoms wherein 21.2 eV was absorbed in the excitation of He (Is 2 ) to 
He (Is 1 2p l ) as proposed in Eq. (8). 

Figure 3. TheE UV spectra (17.5-50 nm) of the microwave cell emission of the 
helium-hydrogen mixture (98/2%) recorded at 20 Torr with a normal incidence EUV 
spectrometer and a CEM showing the reproducibly of the novel emission lines observed at 
45.6 nm and 30.4 nm with energies of q-13,6eV where q = 2 or 3 (Eqs. (2a, 2c)) and at 
37.4 nm and 20.5 nm with energies of q \3.6eV where q-A or 6 that were inelastically 
scattered by helium atoms wherein 21.2 eV was absorbed in the excitation of He (Is 2 ) to 
He (\s l 2p l ) as proposed in Eq. (8). 

Figure 4. The short wavelength EUV spectra (5-50 nm) of the microwave cell 
emission of the helium-hydrogen mixture (98/2%) (top curve) and control hydrogen (bottom 
curve) recorded at 1 Torr with a normal incidence EUV spectrometer and a CEM. No 
hydrogen emission was observed in this region, and no instrument artifacts were observed. 
Reproducible novel emission lines were observed at 45.6 nm, 30.4 nm, 13.03 nm, 10.13 nm , 
and 8.29 nm with energies of q * 13.6 eV where q = 2,3,7,9, or 1 1 and at 37.4 nm, 20.5 nm , 
and 14.15 nm with energies of ^ 13.6 eV where q = 4,6, or 8 that were inelastically scattered 
by helium atoms wherein 21.2 eV was absorbed in the excitation of He (\s 2 ) to He (\s x 2p) 
as proposed in Eq. (8). The peak at 13.03«w was observed as a weak shoulder on the 
14.15 nm peak, and has been observed in repeated (non-presented) spectra. 

Figure 5. The EUV spectra (20-50 nm) of microwave discharge plasmas of mixtures 
of 2% hydrogen with nitrogen, oxygen, or carbon dioxide that were recorded with a normal 
incidence EUV spectrometer and a CEM. No peaks were observed in this region from any of 
the controls. The oxygen-hydrogen plasma also contained water vapor which showed no 
emission in this region. 
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Figure 6. The EUV spectra (20-50 nm ) of the emission from control microwave 
discharge plasmas of hydrogen alone or 2 % hydrogen mixed with krypton or xenon that was 
recorded with a normal incidence EUV spectrometer and a CEM. No emission was observed 
in this region. 

Figure 7. The EUV spectrum (38-50wn) of the control argon-hydrogen (98/2%) 
microwave discharge cell emission that was recorded with a 4° grazing incidence EUV 
spectrometer and a CEM. Only known Ar II and Ar III lines were observed. 

Figure 8. The EUV spectra (25-50 nm) of the helium-hydrogen mixture (98/2%) 
microwave discharge cell emission recorded with a normal incidence EUV spectrometer and a 
CEM (top curve) and control neon-hydrogen mixture (98/2%) (bottom curve) recorded with a 
4° grazing incidence EUV spectrometer and a CEM. The spectra did not match based on 
wavelength and peak width. The novel peaks were not observed in the neon-hydrogen control, 
and a series of Ne II lines were observed only in the control. 

Figure 9. The 486. 1 nm Balmer /? line width recorded with a high resolution 
(±0.006 nm) visible spectrometer on helium-hydrogen (90/10%) and hydrogen microwave 
discharge plasmas. Significant broadening was observed from the helium-hydrogen plasma 
corresponding to an average hydrogen atom temperature of 180-210 eV compared to ~ 3 eV 
for hydrogen alone. 

Figure 10. The 667.816 nm He I line width recorded with a high resolution 
(±0.006 nm) visible spectrometer on helium-hydrogen (90/10%) and helium microwave 
discharge plasmas. No broadening was observed in either case. 
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